A method for accelerating ions is described in which extremely relativistic electrons are injected in a static magnetic field and form a ring which subsequently is compressed by a sequence of axial accelerations and decelerations. Ions trapped in the electrostatic field of the electron ring can in principle be accelerated in a decreasing magnetic field to very high energy (Yi) where yi <ye and Yi, Ye are the final ion and electron energy, respectively, expressed in rest mass units.
The electrons in the ring are confined by an external magnetic field. Radial stability of the trapped ions is provided by imposing on them an azimuthal momentum equal and opposite to the electron aximuthal momentum so that both ions and electrons are magnetically focused by the external magnetic field.
The ions are initially accelerated by adiabatic expansion of the ring in a decreasing magnetic field; subsequently the ring is decelerated at constant radius. During this step the ions acquire an azimuthal mechanical momentum almost equal to that of the relativistic electrons.
The azimuthal momentums of the ions and electrons are subsequently equalized by allowing the electrons to lose energy by synchrotron radiation.
Preliminary parameters are presented for such a static-magnetic-field ion accelerator capable of producing lOOO-GeV ions.
I. Introduction
A method is discussed in this report to accelerate ions trapped in a ring of extremely relativistic electrons to very high energies, of the order of 1000 GeV, by axial acceleration of the electron ring, at constant radius, in a decreasing magnetic field. It is obvious that the electron energy Ye (expressed in rest mass units, l-mu) should be larger than the ion energy Yi. Since it is desired to accelerate the ions up to Yi = 1000 it follows that the initial electron energy should be of the order of Ye = 2000 or 1 GeV.
In a companion report1 a method is described where the electron ring alternately "rolls" and "coasts," undergoing axial acceleration at a constant radius followed by deceleration and adiabatic compression in a decreasing magnetic field.
In the process the radius of the ring shrinks and its electrostatic field increases as the compression ratio to the 3/2 power.
During the acceleration of the ions the alternation of rolling and coasting of the ring is repeated but during the adiabatic compression phase the ring is not allowed to regain all its azimuthal momentum. Thus the ions are accelerated to an energy 7' = Y then decelerated to 7112. In the next cycp t t; ey are accelerated again to an energy Y = 7'112 and so on. For example, if during the first acceleration at con-'Work performed under the auspices of the U. S. Atomic Energy Commission. California stant radius the ion energy achieved is 4 rmu, the minor radius of the ring expands by a factor of two.
In the subsequent adiabatic compression the ring is compressed by a factor of two and the minor radius is restored to its value at the beginning of the ion acceleration.
At the same time the current in the ring is doubled while the ion energy is 2 rmu.
As the process continues the accelerating field (i.e., the electrostatic field of the ring) in&eases linearly with the ion energy until a limit radius is achieved, a few centimeters, below which it is not technologically possible to build the inside coils required for the acceleration at constant radius.
It appears that with this process fields as high as 100 MeV/cm can be achieved, making possible acceleration of the ions to an energy of 1000 GeV with an acceleration length of the order of 1000 m.
The radial force exerted on the ions by the fielg (E:) of the electron ring is proportional to E~Y,.
Although at the beginning of the acceleration the electric field E is comparable to the external field, the radial forces are diminishing very fast as the ion energy Yi increases. Consequently in order to confine the ions within the ring it is necessary to impart to them an azimuthal mechanical momentum equal and opposite to the azimuthal momentum of the electrons. In this way the ions are confined magnetically as the electrons are, and both are collocated at the same equilibrium orbit.
As a result both the electrons and the ions undergo the same change in azimuthal mechanical momentum during the acceleration at constant radius or deceleration in the adiabatic compression phases.
Thus the acceleration of the ions is divided into two steps: first azimuthal acceleration to provide them with an azimuthal mechanical momentum equal to that of the electrons, then axial acceleration to give them very high energy.
II. Azimuthal Acceleration of the Ions
Preceding this step is the phase of compressing the ring to a small radius to enhance its electrostatic field.
In a companion report1 a ring of 1000 MeV, 1000 A is followed during its compression phase in a static magnetic field. Loading factor is the ratio of the self-field at zero axial velocity to the external field Bo.
After trapping of the ions ( Ni = 10 -4 Ne) the process followed in the static compressor is reversed.
The ring is adiabatically expanded, and thens are accelerated to an energy
The azimuthal momentums of the electrons and ions are respectively p6e = (rrnc):, (11.2a)
The adiabatic expansion is followed by deceleration at constant radius until the ring practically stops.
The electrons regain all their azimuthal momentum, while the momentum of the ions is (II. 3b)
Also we have P ze = pzi = 0.
The electrons should now undergo an azimuthal deceleration in order to lose (rl/rO)Ymc of azimuthal momentum, thus achieving equal momentum for the ions and electrons. Therefore, we need a process which decelerates the electrons but not the ions.
Nature provided such a process in the form of incoherent synchrotron radiation loss, which is { = 2 X lo-l5 B2y2 rmu/ps.
(11.4)
The time required for an energy loss (Y1 -Y2)mc2 The length of the axial acceleration stage at constant radius is and the fields are in the few-thousand-gauss region.
As the ion energy_ri approaches ye the usual formula for Y. = &,, is not applicable anymore.
The correc t' expression is -g/2 J cm (III.11 J J where Y,, E. are respectively the ion energy and the elec i 4. . ros atrc field of the ring at the beginning of the ;ith acceleration stage, and 'Yj+l is the ion energy at the end of the acceleration stage.
The length of the following adiabatic compression is
where Y,, EC are the ion energy and electrostatic field of the ring at the end of the compression stage and Yj+? is the ion energy at the beginning of the adiabatic compression. Thus in each cycle of "roll" and "coast" the net energy gain of the ions is Y, -7,. ring and part?cle As an illustrative example the parameters are listed in Table 1  for ion acceleration up to 1000 GeV. The symbol cr means acceleration at constant radius and ac the following phase of adiabatic compression.
The lengths indicated in Table 1 are calculated assuming that the ions are sitting just at the minor radius of the ring.
Since this is not possible a reduction of the fields by 20% resulting in an increase of the total length to 670 m is necessary.
Thus where re is 2 X 8 X 10-13, r is the ring radius, andNe= 10 I5 is the number of electrons in the ring.
The geometric factor 2g/r is assumed of the order of unity.
